It is well established that two microanatomical areas of the kidney (macula densa and juxtaglomerular cells) are in some way associated with the secretion of renin. However, their precise role in the regulation of this hormone remains unresolved. Controversy still exists as to whether the rate of renin secretion is controlled solely by a pressure and stretch sensitive receptor in the juxtaglomerular cells [ 1, 9, lo] , by some function of sodium delivery to the macula densa cells [ 111, or both [5] . However, the macula densa theory has a greater number of proponents.
Macula densa cells have been reported to contain cilia and may be capable of detecting physical stimuli [6] . Physically, the macula densa cells are in direct contact with the afferent and efferent arterioles and the polkissen cells. Although macula densa cells have long been implicated in the regulation of renin secretion, to date, there has been no reported evidence that intracellular sodium concentrations correlate with the plasma renin activity.
Because the juxtaglomerular apparatus is situated deep in the renal cortex, it is inaccessible to micropuncture and direct study of these cells in situ. The present investigation was undertaken to: (i) devise a technique to quantitate the concentration of intracellular sodium of the macula densa cells, and (ii) determine whether the intracellular sodium concentration correlates with the plasma renin activity.
MATERIALS AND METHODS

Diet Experiment
A. Low sodium diet (10 mEquiv Na/ day) of H/D dog food (Riviana Food, Inc., Topeka, Kansas) was given to three adult male mongrel dogs for 2-21 days until the plasma renin activity (PRA) was increased several times the base line. Surgical procedures were performed following 16 hr of fasting. After intravenous pentobarbital anesthesia (30 mg/kg), the femoral artery and vein were catheterized for blood pressure monitoring, blood samples, and saline infusion called for by the protocol. One hour following surgery, two arterial blood samples for determination of PRA were collected. PRA was measured by radioimmunoassay using the New England Nuclear Kit for angiotensin I generation. Concomitantly, an open renal wedge biopsy (approximately 2 X 8 mm) was taken through a standard flank nephrectomy incision. Hemostasis was maintained with gentle pressure. Additional arterial samples and renal biopsies were taken 1 hr following saline infusion (25 ml/min for a total of 500 ml).
B. High sodium diet (100 mEquiv Na/ day). Two male mongrel dogs were placed on this diet for 1 week to deplete renin in the juxtaglomerular cells and reduce PRA. Arterial blood samples and open renal wedge biopsies were obtained 1 hr before and after saline loading. 
Hemorrhage Experiment
Four dogs placed on high sodium diets (100 mEquiv Na/day) to suppress renin secretion were hemorrhaged for 20% of the estimated blood volume via the femoral artery catheter. Autotransfusion took place 60 min following hemorrhage. Arterial blood samples for immunoassay of renin and open wedge biopsy were taken 60 min before and after hemorrhage, and 60 min after autotransfusion.
Abdominal Aortic Coarctation Experiment
Suprarenal abdominal aortic coarctation was created with an adjustable clamp through a transabdominal approach. Mean arterial pressure distal to the clamp was maintained at 60-80 mm Hg by tightening the clamp. Arterial blood samples for renin immunoassay and open renal wedge biopsies were obtained 60 min before and after aortic coarctation, and 60 min following removal of the aortic clamp.
Electron Microprobe Analysis
Cortical tissues from renal biopsies were immediately diced into 1 mm3 while being fixed by immersion for 3 hr in phosphatebuffered 2% glutaraldehyde and 2% potassium pyroantimmoniate The latter compound is known to bind and precipitate sodium [4] . The osmolality of the fixative was adjusted to 300 MOsM/kg HZ0 with sucrose. Following dehydration in ethanol, the tissues were embedded in sodium free Vestapal. Sections 1 pm thick were mounted on specially prepared Vestapal plates and stained with toluidine blue. Under a dissecting microscope, macula densa cells were dissected free from the surrounding tissues to facilitate sodium quantitation in macula densa cells with an electron microprobe. Tissue samples and biological standard [7] were coated with approximately 500 A of aluminum to prevent the buildup of electron charges and minimize beam heating effects in the microprobe. Coating tissue samples and the biological standard simultaneously ensured an equal thickness of aluminum coating on all preparations. Intracellular sodium of each macula densa cell at the luminal, basal, and lateral areas of the nucleus was quantitated with 1 pm beam diameter. The depth of the beam penetration was also set at 1 pm. Aluminum counts monitored on a separate spectrometer as the beam penetrated the tissue was used to determine proper depth of beam penetration. As soon as the beam penetrated to a depth greater FIG. 3 . Transmission electron micrograph depicting two macula densa cells (MD) lying side by side. Golgi complexes (gc) and rough endoplasmic reticulum are frequently found at the lateral aspects of the macula densa cells. Intercellular space (is), mitochondria (m). X30,000.
than the depth of the tissue (lpm), the alu-RESULTS minum counts increased sharply. The beam was then backed up until the aluminum
The juxtaglomerular apparatus of the kidcounts were reduced to near zero. Both the ney is located at the hilium of the glomerulus standard and tissue samples were counted consisting of three components: (i) the macfor sodium at the same beam setting. This ula densa of the distal tubule, (ii) the granmethod has been previously described [7] . ular epithelioid cell or juxtaglomerular cell, found closely associated with the terminal portion of the afferent and probably the efferent arteriole, and (iii) a group of cells surrounded by the macula densa, the glomerulus, the afferent, and efferent arterioles. They are the polkissen cells of Zimmerman, also known as the pseudo-Meissnerian cells of Goormaghtith, the agranular epithelioid cell, the Lacis cell, and the extraglomerular mesangial cells. This group of cells is intimately in contact with the macula densa, the mesangial cells of the glomerulus, and the granular cells of the arterioles (Figs. 1 and  2 ). Macula densa cells are modified epithelial cells of the distal renal tubule that are apposed to the polkissen cells at the hilium of the glomerulus. They are cuboid-columnar epithelial cells with round-ovoid nuclei. The basal infolds are short as are the microvilli. Mitochondria, rough endoplasmic reticulum, ribosomes, and Golgi complexes are found distributed throughout the cytoplasm of the cells, particularly at the lateral aspect (Fig. 3) . Table 1 compares sodium concentration at the luminal, basal, and lateral areas of the macula densa cells in dogs with elevated plasma renin activity following manipulation of sodium intake. Independent of the plasma renin activity, intracellular sodium concentration remained the same throughout the macula densa cells. Infusion of saline, although reducing PRA significantly, did not alter the cellular concentration of sodium. In both situations intracellular sodium averaged approximately 10 mEquiv/kg cell. Tables 2 and 3 display similar sodium concentrations in the macula densa cells during high and low plasma renin activity resulting from different sodium diets, hemorrhage, and aortic coarctation. There was no identifiable direct correlation between plasma renin activity and intracellular sodium concentrations.
Figures 4 and 5 demonstrate the distribution of sodium pyroantimmoniate granules along the basal lamina and the interstitial space of the macula densa cells. In contradistinction to the collapsed interstitium in renal epithelia that is frequently reported in the literature, dilated interstitial spaces were present in kidneys subjected to perfusion fixation at physiological pressure (Fig. 6) . precludes in situ direct study of the macula densa cells. Our laboratory has recently developed a technique in using the electron microprobe to quantitate sodium in single cells [7] . Utilizing this technique, we are able to quantitate sodium in the macula densa cell with accuracy. To obviate sodium diffusion, potassium pryoantimmoniate is added to the fixative. Formation of waterinsoluble sodium pryoantimmoniate precipitates sodium ions and circumvents the problem of sodium diffusion [4] . Sodium pryoantimmoniate precipitates appear as electron-dense granules in transmission electron micrographs (Fig. 4) . Such granules are densely distributed along the basal lamina and the interstitial space (Fig. 5) . Data from the electron microprobe quantitation of sodium can be converted to milliequivalents Na per kilogram tissue by using the biological standard that was developed in our laboratory [7] . The uniform distribution of sodium throughout the cytoplasm of the macula densa cells as depicted in Table 1 suggests that either sodium is a stable intracellular electrolyte or the mechanisms of maintaining intracellular homeostasis are ultraeffective or both. A constant intracellular sodium concentration in the face of the fluctuating plasma renin activity in different experimental settings is an unexpected finding. Although this observation does not lend support to the macula densa theory, neither does this finding preclude sodium from regulating renin secretion. It is possible that either sodium is transported across the macula densa cells very rapidly or it passes by these cells via the intercellular space. The presence of sodium pryoantimmoniate granules in the macula densa interstitium lends credence to this hypothesis (Figs. 4 and 5) . It should be emphasized that renal tissue, perfusion-fixed under physiological pressure, displays dilated intercellular spaces (Fig. 6 ). Therefore, it is possible that dilated channels of communication exist between cells to provide free flow of the intercellular fluid.
Several pertinent findings emerge from the present study. There is no direct correlation between plasma renin activity and sodium concentration in macula densa cells to support the macula densa theory. In contradistinction, sodium is uniformly distributed throughout the macula densa cells. Results from our study do not support the tenet that alteration of the concentration of sodium in the macula densa cells regulates renin release. Some other parameters must play a role.
